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FLIGHT EVALUATION OF GROUND EFFECT ON SEVERAL
LOW-ASPECT-RATIO AIRPLANES

By Paul A. Baker, William G. Schweikhard, and William R. Young
Flight Research Center

INTRODUCTION

When an airplane flies close to the ground, at a height of one or two wing spans,
it experiences an increase in lift and significant changes in drag and pitching moment.
This phenomenon is known as ground effect. Interest in ground effect has recently
been renewed because of its significance for both V/STOL and conventional low-aspect-
ratio aircraft such as the supersonic transport. In wind-tunnel tests the effect of the
ground can be simulated by moving the aircraft model progressively closer to the
wind-tunnel floor or ground board. In the limited flight measurements of ground effect
made in the study of reference 1, a flyby technique was used which required that an
airplane be flown at a constant altitude and airspeed. Both flight and wind-tunnel
methods require numerous passes or runs to obtain data throughout the altitude and
angle -of -attack range.

A different flight-test method for analyzing ground effect was proposed in refer-
ence 2. With this method, a low approach is made in a test airplane while constant
angle of attack and power setting are maintained. The measurement of engine thrust,
which is difficult but necessary for most methods, is not required for this method
because the power setting remains fixed throughout the approach. This method was
used in a flight investigation at the NASA Flight Research Center in which ground effect
was evaluated on five low-aspect-ratio aircraft: an F5D-1 modified with an ogee wing
(ref. 3), a conventional F5D-1, two XB-70's (XB-70-1, XB-70-2), and an F-104A.
These airplanes were selected because of their low aspect ratios and their similarity
to some supersonic-transport configurations and because the effect of the ground on
the modified F5D-1 had been measured previously using the constant-altitude-flyby
technique (ref. 1).

The results of this flight study with the five airplanes are presented in this report.
The measured changes in lift and pitching moment are presented as a function of the
height of the airplane above the ground. The results obtained from the modified F5D-1
with the flyby method and results obtained using the constant-angle-of-attack method
are compared. In addition, the data for all five airplanes are compared with wind-
tunnel studies and theoretical prediction data calculated from equations presented in
reference 4. At the time the constant-angle -of -attack technique was validated, the
mathematical analysis associated with the theory was expanded. The expanded analysis
is included in appendix A.



SYMBOLS

All quantities in this report are presented in both U.S. Customary Units and the
International System of Units (SI).

b
Cp
ACp
C,

ACT,

wing span, ft (m)

drag coefficient, D%gg

drag-coefficient increment, Cp - CDo

. . . Lift
lift coefficient, S

lift-coefficient increment, Cy, - CLO

change in lift coefficient with change in longitudinal control deflection,
per deg

pitching-moment coefficient

change in pitching -moment coefficient with change in longitudinal -
control deflection, per deg

wing mean aerodynamic chord, ft (m)

drag force, 1b (N)

drag increment, D - Dy, 1b (N)

acceleration due to gravity, ft/sec? (m/sec?)

height of quarter chord of wing mean aerodynamic chord above
ground, ft (m)

vertical velocity, ft/sec (m/sec)
vertical acceleration, ft/sec? (m/sec2)
height of gear above the ground, ft (m)
lift force, 1b (N)

lift increment, L - Lg, 1b (N)
dynamic pressure, 1b/ft2 (N/m?)

dynamic-pressure increment, q -q,, Ib/ft2 (N/m?2)




S wing area, £t2 (mz)

T aircraft net thrust, 1b (N)
t time, sec
v true velocity, ft/sec (m/sec)
w aircraft weight, 1b (kg)
X horizontal distance, ft (m)
X horizontal velocity, ft/sec (m/sec)
X horizontal acceleration, ft/sec2 (m/sec?)
o angle of attack, deg
v flight -path angle, deg
e longitudinal -control -surface deflection, deg
Ad, longitudinal -control -surface-deflection increment, &, - Geo, deg
0 pitch-attitude angle, deg
Subscript:
o initial value

TEST AIRCRAFT

The airplanes used in the program were a Douglas prototype F5D-1 modified with
an ogee wing, a conventional Douglas prototype F5D-1, the two North American
XB-70's, and a Lockheed F-104A. The pertinent dimensions for each airplane are
given in table 1, and three-view drawings of the airplanes are shown in figures 1 to 4.
The modified F5D-1 airplane has a planform similar to that of the Concorde (ref. 5).
It has an aspect ratio of 1.70, whereas the conventional F5D-1 airplane has an aspect
ratio of 2.0. Each of the XB-70 airplanes has an aspect ratio of 1. 75, with a size and
weight similar to the foreign and domestic supersonic transports (refs. 5 and 6). The
F5D-1 and XB-70 airplanes have delta wings and elevons for their main control sur-
faces. The F-104A airplane, with an aspect ratio of 2.45, has a straight wing and a
high horizontal stabilizer (T-tail) which is used as an elevator.

TEST PROCEDURE AND PILOT TECHNIQUE

The technique proposed in reference 2 requires the pilot to fly the test aircraft at
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a constant angle of attack and power setting during a shallow, descending approach to
the runway. It was found that pilot proficiency was very important in flying approaches
if useful data were to be obtained. Also, atmospheric conditions greatly affected the
test results. Consequently, flights were scheduled in the early morning to take ad-
vantage of calm wind conditions and the absence of turbulence due to differential sur-
face heating. For the two F5D-1 airplanes and the F-104A airplane, a maximum of

5 knots of surface wind was tolerated; however, for the larger and heavier XB-70 air-
planes, usable data were obtained with winds as high as 11 knots.

The Air Force Flight Test Center (AFFTC) tracking facility provides optimum
data when an airplane is near the midpoint on the runway. It was found that a glide-
slope indicator light (fig. 5) aided the pilot in establishing the initial conditions of con-
stant angle of attack and steady sink rate. The indicator was used as a reference from
which to initiate the airplane's descent so that it would be in the proximity of the
ground near the midpoint of the runway.

In the F5D-1 airplanes and the F-104A airplane, the angle-of-attack display was
placed just inside the windshield directly in front of the pilot. This location enabled the
pilot to determine his relationship to the ground without interrupting his concentration
on angle of attack. Because of lack of space in the windshield area, the normal loca-
tion for the angle-of-attack display was used in the XB-70 airplanes.

DATA ACQUISITION AND ANALYSIS

Aircraft Instrumentation

Each of the airplanes was instrumented to record angle of attack and control-
surface deflection. In addition, the XB-70 aircraft were instrumented to record power-
lever position. The accuracies and ranges of the sensors installed in each airplane
are listed in table 2. Also listed are the ranges and resolutions of the cockpit angle-
of-attack displays. Time correlation was attained by using a tone switch mounted on
each of the pilot's control sticks or columns. When on, the switch transmitted a
1000 -cycle-per-second tone over the UHF communication channel which was received

by the tracking facility.

Tracking Facility

The AFFTC Takeoff and Landing Facility provided the external tracking required
for the program. The Facility maintains two Askania cinetheodolite stations, one near
each end of the main runway, as shown in figure 6. Precision position data as a
function of time were obtained from the Facility during each low approach. Wind speed,
wind direction, and air temperature were also recorded by the Facility. The installa-~
tion is described in detail in reference 7.

Method of Analysis

In addition to the assumptions of constant angle of attack and power setting, the
constant -angle-of -attack technique assumes a shallow flight path (y < 3°). While
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approaching the runway, the pilot establishes the initial conditions. The angle of
attack corresponds to a particular speed and the power setting to a particular sink rate.
These steady-state conditions are disturbed by ground effect, causing the aircraft to
change both speed and sink rate. The relationship between these accelerations and the
normalized 1ift coefficient is given by the following equation:

Cy, q g

L 10 l.l' .}i “O 3 .0 A
= — 3 1 J
= cos ¥y - sin vy + cos 14 - — COS Yy, —— sSin v, + cos Y - 1
( g > < g o g o O> q ( )

Data Reduction

The Askania cinetheodolite camera system began tracking the test airplane's
descent when it was approximately 200 feet (61 meters) above the ground. Because the
airplane was still out of ground effect, initial sink rates and approach speeds could be
determined. The parameters provided by the tracking facility and atmospheric pres-
sures obtained from the Edwards Air Force Base weather station were used as inputs
to a computer program which calculated the aircraft's vertical and horizontal position
and dynamic pressure each one-fourth second during a run.

The time history in figure 7 of an approach made in an XB-70 airplane is typical
of the data that can be obtained with the constant-angle -of-attack-approach technique.
As required, the throttle angle was absolutely constant. The angle of attack decreased
slightly, but the increase in lift due to ground proximity still caused the airplane to
flare. Corrections were applied for minor deviations from the reference angle of
attack. Ground effect also changed the pitching moment. The 3° to 4° change in elevon
deflection was required to maintain angle of attack. The eventual decrease of 10 ft/sec
(3.1 m/sec) in true velocity is qualitative evidence of increased drag resulting from
the nearness of the ground; however, conclusive quantitative analysis of these data in
terms of drag increments was not possible.

The position data calculated by the computer were reduced to obtain the vertical
and horizontal velocities and accelerations. Two methods were used to obtain h, x,
h, and X. One method was to plot the altitude versus time and then fit a smooth curve
to the points. The slopes of the resulting curve represented the rate of sink at each
time interval. Similarly, plotting the horizontal position versus time and taking slopes
provided horizontal velocity. Repeating the procedure by plotting rate of sink and hori-
zontal velocity versus time produced the required vertical and horizontal accelerations.

The quantities h and X were also obtained from the following relationships:

- _dh 1

h=4% —an @)
dh
a(§)

_dh 1

X=% dn (3)




The rate of sink and horizontal velocity were obtained in the manner described in the
preceding paragraph. The slopes from a curve of altitude versus rate of sink repre-

_dh
dh .
(&)
zontal velocity represent délx . Once the accelerations were obtained, they were
d( at
used in equation (1) to calculate the normalized increase in lift coefficient.

sent the quantity Similarly, the slopes of the curve of altitude versus hori-

Obtaining the vertical and horizontal accelerations by either of these methods was
tedious. Consequently, several computer smoothing routines were tried to determine
if they could fit the plotted curves, but none was able to do a satisfactory job. They
were overly influenced by stray points and calculated extraneous accelerations.

PRECISION

Accuracy of the Position Measurement

The accuracy of the position data from the tracking facility was evaluated (ref. 7)
to be £1.5 feet (0.5 meter). Further, the velocities and accelerations obtained from
the hand reduction methods are accurate within +0. 3 ft/sec (x0.1 m/sec) and
+0. 06 ft/sec2 (x0.02 m/sec?), respectively. From these values, the variation in
dynamic pressure was calculated to be +0.5 1b/ft2 (+2.4 N/mZ2).

Accuracy of the Angle-of-Attack Measurement

Because the low approaches were flown at constant angles of attack, only the
changes in the influence of upwash in and out of ground effect on the angle-of-attack
vane affected the data. A comparison of onboard and Askania measurements indicated
no perceptible change in upwash influence on the vane.

Because lift varies sharply with angle of attack, deviations in this angle during an
approach caused significant changes in the measured results. Hence, any deviations
which occurred were corrected by using wind-tunnel data from the sources listed in

table 3.

RESULTS AND DISCUSSION

The results of the ground-effect tests are shown as a function of quarter-chord
height and angle of attack in figures 8 to 20. The lift increments are presented as
percent increases in the lift coefficient, and the pitching-moment change is indicated
by the deviation of the longitudinal-control input from the out-of-ground-effect trim
condition. The basic aerodynamic characteristics for each aircraft, obtained from
references 8 and 9 and unpublished data, are presented in appendix B. Because




longitudinal -control inputs also cause changes in lift, the trim change is responsible
for the difference between the percent increase in the trimmed and untrimmed lift-
coefficient increments shown. The untrimmed lift coefficient represents the lift which
could be expected if there were no trim change. Moreover, it allows direct com-
parison with wind-tunnel and theoretical results.

It should be pointed out that each set of symbols representing the data for one
angle of attack was obtained from one approach. The initial and final values of the
control -surface position, airspeed V, sink rate h, dynamic pressure q, and flight-.
path angle 7y for each of the data runs are tabulated in tables 4 to 7.

General Comments and Observations

In every approach the aircraft encountered increased trimmed and untrimmed lift
increments and an increased negative pitching moment as they approached the ground.
With the exception of the XB-70, measurable lift increments were experienced above
the classic one wing span; however, significant effects were not encountered until the
airplane descended to lower heights. These lift increments generally preceded any
measurable pitching-moment changes.

The pilots in the program made several qualitative observations about the extent
of ground effect encountered. There were consistent comments on the strong flare
and float characteristics of the F-104A airplane, whereas the XB-70 airplanes were
noted to become more stable laterally. On the other hand, the F5D-1 airplanes did
not "float" as much as the XB-70 and F-104A airplanes. Quantitatively, the flare and
float characteristics can be related to the airplane's initial sink rate. An initial sink
rate as low as 4.3 ft/sec (1.3 m/sec) caused the F5D-1 airplanes to touch down; where-
as, on one approach the XB-70 airplanes had an initial sink rate of 7.3 ft/sec (2.2 m/
sec) but did not touch down. Similarly, the increase in the lift of the F-104 airplane
due to ground effect reduced sink rates of 20 ft/sec (6.1 m/sec) to zero and caused the
airplane to stabilize a few feet above the runway for the rest of the approach.

A mathematical analysis of the drag change due to ground effect is presented in
appendix A; however, attempts to quantitatively measure the change in drag produced
inconsistent results. The problem is believed to lie with the relatively small magni-
tudes of the accelerations that must be measured. These accelerations are easily lost
among the inadvertent inputs associated with flying the airplane. Although the change
in drag was not measured, some deductions were made by observing the change in
true airspeed during the low approaches. As an approximation, a reduction in true
airspeed may be interpreted as an increase in drag, and an increase in true airspeed,
as a reduction in drag. On the basis of the general reduction in speed (tables 4 to 7),
it appears that the drag generally increased as the airplane encountered ground effect
during the constant-angle -of-attack approaches. Analytical methods and test tech-
niques for extracting drag data due to ground effect need further research.

F5D-1 Airplane Modified With an Ogee Wing

The effect of ground proximity on the lift and pitching moment of the modified
F5D-1 airplane is shown in figure 8. As can be seen, the pitching moment due to



ground effect is small (less than 1° change in elevon position). Consequently, the
trimmed and untrimmed lift increments are approximately equal at 24 percent at touch-
down.

A comparison of flight results obtained by two different flight-test techniques is
shown in figure 9. In the constant-altitude -flyby tests of reference 1, measurements
were assigned altitude bands rather than discrete heights; consequently, in this figure,
the horizontal line is at the center of the original altitude band, and its length covers
the spread of the data within that band. The vertical line at each end of the horizontal
line symbolizes the width of the band. The individual measurements within each band
are indicated by the tick marks on the horizontal line. These data are superimposed
on the constant-angle-of-attack-approach data from figure 8. Although the lift-
coefficient data show general agreement at the lower heights, the constant-angle-of-
attack data are more consistent than the constant-altitude -flyby data. The disparity
between the two sets of data increases with increasing airplane height above the ground.
Also, it should be noted that the constant-angle -of-attack data were obtained during
5 runs, whereas the constant-altitude -flyby data required 44 runs.

Figure 10 is a comparison of wind-tunnel data and theoretical predictions with data
from a 10° constant-angle-of-attack approach. As can be seen, the flight data and the
predicted data from reference 4 are in close agreement in both trend and magnitude;
however, extrapolating the wind-tunnel results indicates a lift increment near the
ground substantially greater than either the flight or reference 4 results. On the other
hand, it should be noted that the wind-tunnel data go to zero below one wing span, but
the flight and analytical results show lift increments above one wing span. It seems
reasonable that the wind-tunnel incremental -lift results go to zero at lower heights be-
cause of the negative effect produced by the ceiling of the tunnel. This is especially
true of the full-scale tests in which the model is nearly in the center of the tunnel at
the one-half span, and, as expected, the ground effect measured in the tunnel is zero.

Flight, wind~tunnel, and theoretical ground-effect data for the modified F5D-1 are
summarized in figure 11 as a function of angle of attack at 0.30 wing span. There is
some correlation of trends but little correlation of magnitudes between the various
sources of data. The NASA Ames Research Center's constant-altitude -flyby and wind-
tunnel data and the data of reference 4 indicate a slightly decreasing incremental 1ift
coefficient with increasing angle of attack. On the other hand, the constant-angle-of-
attack flight data and the NASA Langley Research Center and Lockheed wind-tunnel
data indicate increasing incremental lift coefficient with increasing angle of attack. All
the wind~tunnel pitching -moment data show the same increasing trend with angle of
attack; however, both sets of flight results indicate a relatively constant trim change
with angle of attack.

Basic F5D-1 Airplane

Figure 12 shows the effect of ground proximity on the lift coefficient and elevon
deflection for the basic F5D-1 airplane. The results are similar to those for the
modified F5D-1 airplane, in that there is little change in pitching moment due to enter-
ing ground effect, as indicated by the small change in elevon position (0° to 2.4°). Con-
sequently, the trimmed and untrimmed increases in lift coefficient are nearly the
same, increasing to approximately 14 percent at touchdown. The difference between
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this lift increment and the 24 -percent value for touchdown of the modified F5D-1 air-
plane (fig. 8) shows the influence of the planform modifications.

In figure 13, a typical midrange angle-of-attack approach for the basic F5D-1 air-
plane is compared with corresponding reference 4 data and wind-tunnel results. The
increase in lift coefficient predicted by reference 4 agrees well with the flight results;
however, the wind-tunnel measurement is considerably higher than either the pre-
diction or the flight data. The trim changes shown by the reference 4 and wind-tunnel
results were both substantially greater than the flight -measured change.

In figure 14 the flight, wind-tunnel, and reference 4 results indicate similar trends
in change in lift coefficient with angle of attack but differ with regard to the magnitude
of the change. Both the wind-tunnel and reference 4 data predict greater lift in-
crements in ground effect than were measured in flight. Similarly, the reference 4
and wind-tunnel data suggest a greater trim change than was measured in flight. The
flight-measured trim changes also indicate no functional dependence on angle of attack,
whereas the predicted and wind-tunnel data indicate an increasing trim change with
increasing angle of attack.

XB-70 Airplanes

The effect of the ground on the lift and pitching moment of the XB-70 airplanes is
shown in figure 15. Because the only difference between the two aircraft is a positive
5° dihedral of the wing on the XB-70-2 airplane, the results from approaches made by
both aircraft are plotted in the same figure. Again the results show that the trim
change and incremental lift coefficient increase as the airplane approaches the ground.
At touchdown the trimmed and untrimmed lift coefficients increase to approximately
18 percent and 24 percent, respectively. The elevon increment of the XB-70 is large
compared with that for the F5D-1 airplane, probably because the XB-70 elevons are
less effective than those of the F5D-1 airplane. Significant changes begin below one
wing span and increase to 3° or 4° change in elevon deflection at touchdown.

It may be noted that these results do not necessarily agree with the XB-70 results
in references 3 and 10. The data from these references are from early flights that were
not specifically flown to obtain ground-effect data. It appeared that the data used in
those references met all the criteria for the descent method described herein except
for seemingly small variations of approximately 1° in angle of attack and 500 pounds
(2224 newtons) to 1000 pounds (4448 newtons) in thrust. It was thought that corrections
could be made for these variations; however, subsequent experience showed that the
magnitudes of the corrections were greater than the ground effect being measured.
Consequently, the adequacy of the correction became very sensitive to inaccuracies in
the wind-tunnel data upon which the corrections were based. The most useful data are
obtained when the magnitude of the correction is kept to a minimum.

The greater scatter in the XB-70 untrimmed lift data as compared with the F5D-1
data is probably due to a stronger dependence of the XB-70 lift increment on angle of
attack, as indicated in figure 16. Both the wind-tunnel and the reference 4 predictions
follow the same trends in the changes in lift with angle of attack. The flight data
diverge from these trends at the higher angles of attack, but they are generally inter-
spersed with the other data. The change in elevon deflection with angle of attack



agrees well with the NASA Langley Research Center wind-tunnel results above an
angle of attack of 8°. In addition, the trends are similar for both wind-tunnel and
reference 4 predictions at these higher angles.

Figure 17 compares flight, wind-tunnel, and predicted ground-effect data for the
XB-70 airplanes for an angle of attack of 9.3°. The 7- by 10-foot wind-tunnel data are
unpublished results obtained from tests on a 0.03-scale model at the NASA Langley
Research Center. Although the general trend for the increase in lift and the trim
change is the same for all three sets of data, there is considerable disparity in the
magnitudes of the results. The lift increment predicted by reference 4 is lower than
that shown by the flight data, but the pitching moment is higher. At touchdown, how-
ever, the flight data lift and pitching-moment results lie between the results of the
two wind-tunnel measurements. As shown previously for the modified F5D-1 airplane,
the wind-tunnel ground-effect data go to zero prematurely; whereas, the flight and
reference 4 results indicate ground effect up through one wing span.

F-104A Airplane

As shown in figure 18, the influence of the ground on the F-104A airplane was
found to begin at a height well above one wing span but did not reach a significant
magnitude until the airplane was below a height of 0.6 wing span. Below 0.6 wing span,
the effect increases quite rapidly to 2 maximum near touchdown, where both the
trimmed and untrimmed lift coefficients indicate increases near 20 percent. Sufficient
flight data were not available near touchdown for a meaningful comparison because the
pilots found it difficult to touch down while holding constant angle of attack. Touch-
down was experienced only when the initial rates of descent were very high, greater
than 24.0 ft/sec (7.3 m/sec). Similar to the F5D-1 airplanes, the trim change meas-
ured on the F-104A airplane was less than 1° of stabilizer. This is attributed to the
fact that the high horizontal stabilizer on the F-104A airplane is outside the flow field
of the wing and is never close enough to the ground to experience ground effect.

Figure 19 compares flight, wind-tunnel, and predicted ground-effect data for an
angle of attack of 6.9°. Although the incremental lift predicted from reference 4 data
is slightly low when compared with the flight results, the wind~tunnel and predicted
pitching moments agree well with the flight data.

Figure 20 shows the variation of lift and pitching moment with angle of attack at
touchdown heights for which wind-tunnel data were available. Only slight reductions
in lift increment with increasing angle of attack are indicated by the predicted and the
wind-tunnel results, whereas the flight results indicate an increasing trend. A pos-
sible reason for the low lift increment predicted by reference 4 could be the negative
dihedral angle of the F-104A airplane which places the wing tips closer to the ground
than the projection of the quarter chord on the wing root that was used as the basis of
the prediction. The pitching-moment changes with angle of attack shown by the flight
and the wind-tunnel results agree, but the predicted data do not.

Although this observation is not readily rationalized on the basis of the data pre-
sented in figure 18, wind-tunnel data (see appendix B) indicate that the 1ift increase
is greater than 25 percent of the free-air value. Flight data were difficult to obtain
in this region because the pilot felt that the nosewheel would contact the ground first

at these high sink rates.
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Summary of Results

Trends predicted by using the data of reference 4 agree with flight results; how-~
ever, the magnitudes of the data do not. The predicted lift increments are lower than
those measured in flight for all the low-aspect-ratio configurations tested. Similarly,
at the higher heights wind-tunnel measurements underpredicted the lift increment due
to ground effect, possibly due to the effects of the tunnel ceiling as the model approached
the centerline of the tunnel. Pitching-moment changes due to ground effect predicted
by reference 4 were consistently high at all heights for all delta-wing configurations
tested; however, the F-104 flight results were predicted correctly. One important
point concerning predictions of lift increment due to ground effect is that the trim
change always results in reduction of the trimmed lift increments that will be ex-
perienced in flight such that in extreme instances in which the untrimmed lift increment
is small and the pitching-moment change is large it is possible to experience negative
trimmed lift increments in flight.

Because the aircraft tested represent a cross section of planform, an attempt was
made to correlate the flight results at 0.20, 0.30, and 0. 40 wing span with the results
predicted by reference 4 at corresponding conditions. Figure 21 compares flight data
with the prediction for a conventional airplane with a horizontal stabilizer and a delta-
wing airplane. The figure shows the increased lift increment that should be expected
for the lower-aspect-ratio planforms. The lift increments shown by the flight data
are consistently higher than predicted at all heights for all the aircraft tested. Al-
though the flight results tend to follow the same trends, more data on higher-aspect-
ratio aircraft are needed before aspect-~ratio effects can be established conclusively.

CONCLUDING REMARKS

A constant-angle -of-attack-approach technique was used to obtain ground-effect
data on several low-aspect-ratio aircraft. These flight results were compared with
results obtained from constant-altitude-flybys, wind-tunnel studies, and theoretical
prediction data. The test results indicated that the constant-angle-of-attack technique
provided data consistent with those obtained from the constant-altitude-flyby method
and required fewer runs to obtain the same amount of data.

As was expected, when the test aircraft approached the ground, ground effect
caused significant changes in lift, drag, and pitching moment. Although the trends of
these changes agreed with the theoretical and wind-tunnel predictions, the magnitudes
did not. The measured lift increments were consistently higher than the theoretical
prediction, whereas the measured pitching moment was generally less. Improved
prediction methods are required to determine the magnitudes of the lift and pitching-
moment changes. The consistent evidence of ground effect above one wing span and
the qualitative pilot comments on the improvement in handling qualities of the XB-70
and F-104A airplanes while in ground effect were unexpected.
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APPENDIX A

DERIVATION OF GROUND-EFFECT EQUATION

The forces acting on an airplane during a shallow, constant-angle-of-attack
approach are shown in the following sketch:

L
Airplane a.xis\

A il

Aircraft trajectory
AN

————

Instantaneous
flight path
Ground plane

iz

First, summing the forces perpendicular to the flight path,

—
-_

L+ T sin @ - W cos 'y=\gi(l'1'cos v+ X sin y)

Solving for the lift,
W . . .
L=—hcosvy+xsiny)+ Wcos y~-T sin «

The initial lift is given by

L = ?O(ho COS Y, + Xq Sin y,) + W, cos v, - T, sin «

As indicated in reference 2, the constant-angle -of-attack-approach technique re-
quires that angle of attack and throttle be held constant. This results in thrust re-
maining constant throughout the approach because there is no change in the inlet
recovery as long as angle of attack is constant. Also, the change in thrust due to a
change in density is very small because the altitude range is small. Weight may also
be assumed to be constant (W = W), since the run is of short duration (less than

12
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30 seconds) and the power setting is low. Therefore, thrust, weight, and angle of
attack are treated as constants in this analysis. Thus, the equation

AL _L Do
w w
becomes
o b h X
AL _{h X . o) o .
2= == = + - — —
W < cos y+g sin y+ cos y> <g cos 'yo+g sin vy, + cos 70) (A1)
For y= 3
Lo® Locos vo =Wy W
or
Lo =W
and
.. .. N -
AL_(h X o (=2 70 i
L0_<g cos 'y+g sin y+ cos'y> (g cos v, + z sin 7y, + cos 7’0) (A2)

It is also true that
AL =1L - LO = CLqS - CLOqOS
Dividing by L, = CLOqOS,

AL _ G09S
LO CLquS

then canceling 8 and substituting Cyp = ACy, + CLO,

AC
AL _ 2419 9
LO CLOqO qO

Since q = Aq+ q,,

AL A% g

LO CLoqo qo

13
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or

AC ALgq

C L.q
Lo 0 q

Substituting from equation (A2) yields the following expression (eq. (1)):

ACy, 9, <h X ) I-1.0 Xo A
= —|| =— cos y+ = sin y+ cos -[— cos + — sin + cos -9
Cr, 4]|\8 "Tg Y Y (g o™ g Yo VO) |

This, then, is the final equation for analyzing the lift increment due to ground effect.

Now, summing the forces tangential to the flight path,

Tcos @ -D+ Wsiny=-—(X cos vy - h sin y)

oq|s

Solving for D and following the same procedure as was used to obtain equation (A2),

AD _ Xo ho . X h . :
_L: —<—g— CoS Y, —E sin y, - sin 'yo> - <g cos vy g sin y+ sin vy (A4)

Likewise,

AD = D - D, = CpgaS - Cp, 968

and
q=q,t+ Aq

SO

AD = (cD - CDO> a8+ CpAasS
Then, normalizing with respect to the initial lift,

N - S
AD (CD cD0>q9§ Aq (CD CDO> Cp,Aas

+ +
Lo CLOqoS CLOqOS CLOqOS

because

ACD = CD - CDO

14
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and
AD _2°D (do+ Aq) ODA ACpd , Dot
Lo Crn, % Cr,9% Cro% Cr, %

which, upon rearrangement, gives

ACp _ <AD CDoAq> R

CLO Lo CLoqo q
Substituting from equation (A4),
ACp q, Xo hy . X h . . D,
CLO =q =z cos v, 7 sin v, - sin v,/ - z cos 'y—gsmy— sin y) |- CLoq (A5)
CDo D
However, c =1 which may be obtained from wind-tunnel data.
Lo
Therefore, equation (A5) becomes
ACy o | (%, hy, o i 5
b _To (7o o . s _(x _h _. s _DAq
cp d [(g cos v, g sin vy, - sin Vo> <g cos vy = sin y - sin y) Lq (A6)
o

which is the final equation for the analysis of the drag increment due to ground effect.

15



APPENDIX B
WIND-TUNNEL DATA

Throughout this report, comparisons have been made between the flight results
and wind-tunnel results obtained from both published and unpublished sources. The
wind-tunnel comparison data are presented in more complete form in figures 22 to 25.
Figure 22 presents data from reference 1 on the F5D-1 airplane modified with an ogee
wing. Wind-tunnel data from reference 8 for the basic F5D-1 airplane are presented
in figure 23. In figure 24 unpublished data obtained in the Langley 7- by 10-foot wind
tunnel with a moving-belt ground plane are shown for the XB-70 airplane. Lockheed
wind-tunnel data on the F-104A airplane were obtained from several unpublished

reports and are shown in figure 25.

16
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TABLE 1.— DIMENSIONAL AND AERODYNAMIC DATA FOR THE TEST AIRPLANES

Modified Basic
F5Do1 F5D-1 XB-70 F-104A

S, ft2 (m2) 661.0 (61.4) 557.0 (51.8) 6296.0 (585.0) 196.1 (18.2)
b, ft (m) 33.5 (10.2) 33.5 (10.2) 105 (32) 21.9(6.7)
¢, ft (m) 22.6 (6.9) 18.3 (5.6) 78.5 (23.9) 9.6 (2.9)
Leading-edge sweep, deg 77.0 52.5 51.8 18.1

. 0, XB-70-1
Dihedral, deg 0 0 5 XB-70-2 ‘—10
Fuselage length, ft (m) 46.8 (14. 3) 46.8 (14. 3) 185.75 (56.62) 52.4 (16.0)
h at touchdown, ft (m) 6.1(1.9) 5.0 (1.5) 17 (5.2) 4.6 (1.4)
Aspect ratio _ | 1.70 2.0 1.75 12,45
Elevon area, ft2 (m?) 24,3 (2.3) 26.0 (2.4) | 197.7 (18.4) '48.2 (4.5)
Dry weight, 1b (kg) 19,000 (8,620) 17,800 (8,080) 1 264,000 (120,000) 13,700 (6,220)
C 0.01025 at Jg = 4° |

Lo, 0.0155 0.0162 0.00945 {0.013 at bp =8
C  [-0.006 at o - 4° -0.0365 at h/b>0.3

mée -0.0063 | 1-0.0054 at « =12°|1-0.0340 at h/b =0.2 -0.0270

-0.0051 at o = 16°|(-0.0310 at h/b =10.15
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TABLE 2.— ACCURACIES OF AIRCRAFT SENSORS AND RANGE AND
RESOLUTION OF COCKPIT DISPLAYS

h .
Modified Basic
F5D-1 F5D-1 XB-~70 F-104ﬂ
Sensor accuracy 0.4 r 0.4 0.3 0.4
a, deg ' Indicator range 5tol19 | 5to 19 -10 to 30 | 5 to 19
Indicator resolution 0.25 0.25 0.50 0.25
Instrument accuracy 0.50 0.50 0.72 0.50
8e» deg Instrument range 18to 20| 18 to -20 | 30 to -30 | 6 to -17
(trailing edge up, positive)
- Instrument accuracy | ~—-----=| -=------ 1.5 | —-me---
Power-lever position, deg Instrument ST 1-r- S I ——— 0t0125 | —=—ccmm

TABLE 3. —SOURCES OF WIND-TUNNEL DATA FOR THE AIRPLANES TESTED

[—Airplane

Source

Facility

Scale of model

Ground plane

Modified .
F5D-1

Reference 1

Ames 40 - by 80-foot
wind tunnel

Lockheed 8- by 12-
foot tunnel

Langley 7- by 10-foot
wind tunnel

Full scale

0.

15

.15

Fixed
Fixed

Moving belt

Basic
F5D-1

Reference 8

California Institute of
Technology 10 -foot
low speed wind tun-
nel (GALCIT)

.15

Fixed

XB-70

Reference 9

North American 7. 75-
by 11-foot low-
speed wind tunnel

Langley 7- by 10-foot
wind tunnel

.03

.03

Fixed

Moving belt

F-104

Manufacturer

Lockheed Aerody-~
namics Laboratory
8 % 12 foot wind
tunnel

.17

Fixed
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TABLE 4.— INITIAL AND FINAL VALUES OF SIGNIFICANT PARAMETERS MEASURED ON THE
APPROACHES MADE IN THE F5D-1 AIRPLANE MODIFIED WITH AN OGEE WING

Control - v h q,
surface ’ ; 2 2 Y, deg
Run| a, deg position, deg ft/sec (m/sec) ft/sec (m/sec) 1h/ft* (N/m?)

Initial | Final Initial Final Initial Final Initial Final Initial | Final

1 9.4 3.6 4.4 }1293.8(89.6) [286.1 (87.2) 6.0 (1.8) 10.8 (0.2)| 93.7 (449)] 88.9 (426) 1.2 0.2

2 10.0 4.0 5.1 | 285.8 (87.1) |274.3 (83.6) |10.8(3.3) | -.8 (-.3)| 88.6 (4240)| 81.6 (3910) 2.2 0

3 | 11.9 1.8 2.6 |249.7(76.1) |248.4 (75.7) |13.1(4.0) (4.3 (1.3)| 76.8 (3680)| 76.1 (3640) 3.0 1.0

4 13.4 4.3 4.6 | 254.9 (77.7) |257.8 (78.6) 7.6(2.3) [5.3(1.6)] 77.7 (3720)| 79.4 (3800){ 1.7 1.2

5 14.4 4.4 5.1 | 246.1 (75.0) | 243.8 (74.3) 113.6(4.2) [ 1.2 (.4)]| 73.7 (3530) l 72,4 (3470) [ 3.2 .3

TABLE 5. —INITIAL AND FINAL VALUES OF SIGNIFICANT PARAMETERS MEASURED ON THE
APPROACHES MADE IN THE BASIC F5D-1 AIRPLANE
Control - v h q,
Run | «, deg surface ft/sec (;n/sec) ft/sec (’m/sec) b/ft2 (N/m2) v, deg
! position, deg ’

Initial | Final Initial Final . Initial Final Initial Final Initial | Final
1 11.1 2.9 2.9 |404.3(123.2) | 398.7 (121.5) | 9.5(2.9) | 1.6 (0.5)| 181.2 (8670){ 176.8 (8470) 1.3 0.2
2 14. 4 3.5 4.2 1307.3 (93.7)]303.0 (92.4) | 8.1(2.5) 1.4 (.4)| 104.9 (5020)| 101.9 (4880) 1.7 .1
3 15.8 6.8 7.4 [314.0 (95.7)|311.1 (94.8) ! 8.0(2.4) | 1.3 (.4)( 109.8 (5260) | 108.2 (5180) 1.5 .2
4 16.0 5.8 5.9 (317.0 (96.6) | 313.4 (95.5) | 6.8(2.1) 1.4 (.4)( 111.2 (5320)( 108.7 (5200) 1.2 .2
5 | 16.6 2.5 2.5 :338.0(103.0)}335.5(102.3) | 10.5(3.2) | 4.3 (1.3)| 120.4 (5770) [ 118.6 (5680) 1.8 7
6 17.2 4.7 5.5 [340.2 (103.7) | 328.5 (100.1) '12.7 (3.9) | 1.5 (.5)| 124.7 (5970) | 116.2 (5560) | 2.1 .3
7 17.5 5.7 8.1 269.5 (82.1)]264.1 (80.5) | 5.8(1.8) | 1.1 (.3) 80.8 (3870) 77.3 (3700) 1.2 .3
8 19.0 5.6 | 6.2 308.7 (94.1)]299.9 (91.4) ' 4.7 (1.4) 3.6 (1.1) 98.9 (4730) | 93.2 (4460) | .9 N
9 19.5 4.9 4.9 330.0(100.6) | 317.8 (96.9) 14.7 (4.5) | 2.1 (.6) 118.0 (5650)| 110.0 (5270) | 2.6 .4




TABLE 6. — INITIAL AND FINAL VALUES OF SIGNIFICANT PARAMETERS MEASURED ON THE
APPROACHES MADE IN THE XB-70 AIRPLANES

Control -

Vv, h. a,
Run | @. deg possiutli‘(f)i?edeg ft/sec (m/sec) ft/sec (m/sec Ib/f1? (N/m?2) v, deg

Initial | Final |  Initial Final Initial Final Initial Final Initial | Final

1 6.0 12,5 14.8 | 412.0 (125.6) | 383.7 (117.0) 6.3 (1.9) | 1.3 (0.4) | 191,9(9190) | 167.2 (8010) 0.9 0.2

2 6.2 | 10.8 | 13.8|392.7(119.7) | 355.9 (108.5) | 5.4 (1.6) | 3.0 (.9)| 147.8 (7080) | 121.9 (5840) .8 .5

3 7.8 10.7 12,9 | 404.5 (123.3) [ 392.6 (119.7) | 7.0(2.1) | .8 (-.3)| 188.1 (9010) | 177.3 (8490) 1.0 -2

4 7.9 11.5 14.2 | 393.0 (119.8) | 372.0 (113.4) {12.2(3.7) | -.1(~-.03) | 156.1 (7480) | 139.6 (6690) 1.8 0

5 8.0 11.0 12.4 | 412.8 (125.8) | 414.0 (126.2) 7.3(2.2) .5 (.2)(200,6(9610) | 201.8 (9660) 1.0 .1

6 8.2 9.8 11.6 | 416.4 (126.9) [ 107.1 (124.1) | 7.2 (2.2) .6 (.2)|207.4(9930) | 198. 4 (9500) 1.0 .1

7 9.1 8.2 | 10.8 | 341.8 (104.2) |328.8 (100.2) | 9.9 (3.0) [1.3 (.4) | 126.7 (6070) | 117.3 (5620) | 1.7 .2

8 9.3 8.0 11,4 1384.6(117.2) | 374.8 (114.2) [12.8(3.9) |1.0 (.3)| 160.2 (7670) | 152.1 (7280) 1.4 .2

9 9.4 12.0 14.8 1341.3 (104.0) | 336.8 (102.7) | 6.2 (1.9) .2 (.1)]120.6 (5770) | 117.4 (5620) 1.0 0

10 10.0 6.5 1C.2 1314.5 (95.9) |1299.0 (91.1) | 5.0 (1.5) {2.2 (.7) 99,1 (4740) 89.0 (4260) .9 .4

TABLE 7.— INITIAL AND FINAL VALUES OF SIGNIFICANT PARAMETERS MEASURED ON THE
APPROACHES MADE IN THE F-104A AIRPLANE
Control- ' v b q,
R deg |  Surface #/sec (m/ ft/sec (m/sec) | b/t (N/m? de

un | a, deg position, deg sec (m/sec) c (N/m=) v, deg
i Initial | Final Initial Final Initial | Final Initial | Final Initial | Final
1 | 3.0 3.9 | 4.1 | 483.7 (147.4) | 477.1 (145.4) | 16.4 (5.0) | 1.3 (0.4) | 263.1 (12,600) |256.0 (12,260) | 1.9 | 0.2
2 3.8 3.8 3.7 | 449.2 (136.4) | 448.3 (136.6) | 19.3 (5.9) 3.3 (1.0) | 238.8 {11,430) | 237.8 (11,390) 2.5 .4
3 4.6 4.5 4.5 | 386.0 (117.7) | 383.1 (116.8) | 11.1 (3.4) |2.1 (.6)| 174.2 (8,340) | 171.6 (8,220) 1.7 .3
4 4.7 4.5 4.5 | 416.2 (126.9) | 411.4 (125.4) | 13.1(4.0) 2.8 (.9)| 194.4 (9,310) | 190.1 (9,100) 1.8 .4
5 4.7 4.1 4.1 | 389.5(118.7) | 386.4 (117.8) | 14.1(4.3) 1.2 (.4) | 170.2 (8,150) |167.5 (8,020) 2.1 .2
6 5.5 4.6 4.8 | 367.7 (112.1) | 360.7 (109.9) | 20.5(6.3) [2.9 (.9)| 158.0 (7,560) |151.9 (7,280) 3.2 .5
7 6.9 4.7 5.1 | 345.6 (105.3) | 340.8 (103.9) | 11.8 (3. 6) ¢ (0)| 139.7 (6,690) |135.8 (6,500) 2.0 0
8 7.5 5.0 5.0 | 338.2(103.1) |337.1(102.7) |13.1(4.0) 9.3 (2.9) | 131.0 (6,270) | 130.1 (6,230) 2.2 1.6
9 8.0 6.0 6.8 | 341.8 (104.2) | 340.4 (103.8) | 9.4 (2.9) 0 (0)]133.1 (6,370) |132.0 (6,320) 1.6 0
10 9.3 5.8 6.9 | 3256.6 (99.2) |320.0 (97.5) |14.4(4.4) }1.7 (.5)]119.1 (5,700) |115.0 (5,510) 2.5 .3

1¢




1
= — \A‘h 33.5
= [70 (10.2)

T -

22

)
ﬁ—r‘[% (T)

- 46.8 _
T (14.3)

Figure 1. Three-view drawing of the F5D-1 airplane modified with an ogee wing.
Dimensions in feet (meters).
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Figure 2. Three-view drawing of the basic F5D-1 airplane.
Dimensions in feet (meters).
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Figure 3. Three-view drawing of the XB-70 airplane.
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Figure 4. Three-view drawing of the F-104A airplane.
Dimensions in feet (meters).

25



9¢

- West tower

—_— —
—_—
_—_— .
—_—— —
—_— -
—_—

— —— —_———— T

E:l East tower

I:;Glide-scope indicator light

Top view

Flashing white light, above glide path
White light, on glide path
Red light, below glide path

West tower

Glide-slope indicator

light

East tower

Side view

Figure 5. Two-view sketch of the glide-slope indicator light.
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Figure 6. Sketch of the Air Force Flight Test Center runway tracking system.
Dimensions in feet (meters).
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Figure 8. Effect of ground proximity on lift and pitching moment of the
F5D-1 airplane modified with an ogee wing.
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Figure 9. Comparison of constant-angle -of-attack and constant -altitude -flyby
flight data for the modified F5D-1 airplane.
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O  Constant-angle-of-attack approach
Prediction (ref. 4)
Langley 7- by 10-foot wind tunnel (ref. 1)
Lockheed 8 x 12 foot wind tunnel (ref. 1)
—--— Ames 40- by 80-foot wind tunnel (ref. 1)
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Figure 10. Comparison of flight, wind-tunnel, and theoretical ground-effect
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data for the modified F5D-1 airplane at 10° angle of attack.
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Prediction (ref. 4)

———— langley 7- by 10-foot wind tunnel (ref. 1)
— - — lockheed 8 x 12 foot wind tunnel (ref. 1)
—--— Ames 40- by 80-foot wind tunnel (ref. 1)
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Figure 11. Variation of incremental lift coefficient and elevon deflection with
angle of attack for flight, wind-tunnel, and theoretical ground-effect data
on the modified F5D-1 airplane at h/b = 0. 30.
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Figure 12. Effect of ground proximity on lift coefficient and elevon deflection of the

basic F5D-1 airplane.
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o Constant-angle-of-attack approach
Prediction (ref. 4)
o  GALCIT 10-foot low-speed wind tunnel (ref. 8)
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Figure 13. Comparison of flight, wind-tunnel, and theoretical ground-effect
data for the basic F5D-1 airplane at 15. 8° angle of attack.
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Figure 14. Variation of incremental lift coefficient and elevon deflection with angle of
attack for flight, wind-tunnel, and theoretical ground-effect data on the basic F5D-1
airplane at h/b = 0. 16.
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Figure 15. Effect of ground proximity on lift and pitching moment of the XB-70 airplanes.
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O  Constant-angle-of-attack approach

O Extrapolated

Prediction (ref. 4)

-———— langley 7- by 10-foot wind tunnel

— —— North American 7.75- by 11-foot low-speed wind

tunnel (ref. 9), % =0.16
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Figure 16. Variation of incremental lift coefficient and elevon deflection with angle of
attack for flight, wind-tunnel, and theoretical ground-effect data on the XB-70
airplanes at h/b = 0.20.
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O Constant-angle-of-attack approach
Prediction (ref. 4)
———— langley 7- by 10-foot wind tunnel
O North American 7.75- by 11-foot low-speed wind
tunnel (ref. 9)
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Figure 17. Comparison of flight. wind-tunnel. and theoretical ground-effect
data for the XB-70 airplanes at 9. 3° angle of attack.
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Figure 18. Effect of ground proximity on lift and pitching moment of the F-104A airplane.
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Figure 19. Comparison of flight, wind-tunnel. and theoretical ground-cffect
data for the F-104A airplane at 6.9° angle of attack.
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Figure 20, Variation of incremental lift coefficient and elevon deflection with
angle of attack for flight, wind~tunnel, and theoretical ground-effect data
on the F-104A airplane at h/b = 0.22.
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Figure 21. Variation of lift coefficient with aspect ratio for flight and theoretical ground-effect data.
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Figure 22. Basic wind-tunnel data for the F5D-1 airplane modified with an ogee wing (ref. 1).
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Figure 23. Basic wind-tunnel data for the basic F5D-1 airplane (ref. 8),
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Figure 24. Basic wind-tunnel data (unpublished) for the XB-70 airplane.
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Figure 25. Basic wind-tunnel data (unpublished) for the F-104A airplane.
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